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The corrosion behavior of X70 pipeline steel buried in red soil environment has been studied. The surface morphology and elemental
distribution were determined by scanning electron microscopy (SEM),energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD).
The corrosion kinetics was evaluated by weight loss measurement. The results show that in red soil, the corrosion rate of X70 steel decreases with
time, and follows the exponential decay law. General corrosion with non-uniform and localized pitting occurred on the steel surface. α-FeOOH
was the dominate products during corrosion in whole buried periods, and the corrosion products exhibited well protective properties. The
potentiodynamic polarization tests revealed that icorr decreased with time, indicating the improvement of corrosion resistance. The results of
Electrochemical impendence spectroscopy (EIS) are consistent with potentiodynamic polarization tests.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Corrosion is an inevitable issue in petroleum industries due
to the complicated working conditions such as high pressure,
pH value, high temperature, multiphase ﬂow, and ion con-
centrations. So it is impossible to avoid the corrosion damages.
In order to reduce the damaging effects of corrosion, it seems
necessary to conduct schedule inspections on the accessible
units, and material selection is a critical stage in choosing a
proper alloy for speciﬁc applications [1–4].
In general, oil transportation is very large industrial com-
plexes that involve many different processing units. Iron and
its alloys are common materials which are signiﬁcantly used in
oil, gas and petroleum industries due to their availability and
low cost [5–11]. X70 steel pipelines are considerable candidate
due to good combination of strength and toughness, good weld/10.1016/j.pnsc.2015.06.006
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nder responsibility of Chinese Materials Research Society.ability, low crack sensitivity coefﬁcient and low ductile to
brittle transition temperature [12,13]. These advantages are
enhanced due to controlled rolling and controlled cooling
techniques used in original coil manufacturing [14,15] and it is
widely used in the petroleum industries.
In order to carry out soil corrosion studies and provide the
basis for rapid evaluation method., Field ﬁeld corrosion
experiment is a simple and most reliable determination of
the corrosion rate in soil. In southwest China, an acidic soil
with an average pH of 3.5–6.0, named “Red Soil”, is
distributed in several provinces. A number of natural gas/oil
pipelines operate in this area. The concern is that the
construction damage may result in disbondment? (di-bond-
ing?) of the pipeline coating and the steel could be directly
exposed to the acidic soil environment supportive of corrosion.
Moreover, the acidic moisture could enter the disbondment by
migrating through the coating or through an adjacent defect in
the coating. Apparently, it is of great signiﬁcance to study the
corrosion of pipeline steel in the acidic soil environment.
In this work, corrosion behavior of X70 pipeline steel buried
in a red soil for different times was investigated. The corrosionElsevier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Physicochemical properties of the red soil in Jinghong in Southern China.
Mositure
content (%)
Organic matter
(%)
Total nitrogen
(%)
Extract conductivity
(mS/cm)
pH
19.79 1.31 0.093 0.46 103 6.3
Table 2
Ionic composition of the red soil in aqueous extract, me/100 g.
Cl SO2

4 NO3
 HCO3
 Ca2þ Mg2þ Kþ Naþ
0.24 0.1 0.04 0.37 0.88 0.12 0.12 0.54
Table 3
Content of microbacteria of soil (/g-1).
Sulfate-reducing
bacteria
Acidic sulfur
bacteria
Neutral sulfur
bacteria
Heterotrophic
bacteria
Fungi
1200 0 95 95 25
Table 4
Chemical composition of X70 steel used.
Material Chemical composition(wt%)
C Si Mn P S Ni Mo Nb Cu Fe
X70 0.045 0.26 1.48 0.017 0.001 0.16 0.23 0.033 0.21 Bal
30μm
Fig. 1. Microstructure of X70 steel used.
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Fig. 2. Weight loss and average corrosion rate of X70 steel during exposure in
the red soil for different times: (a) weight loss and (b) average corrosion rate.
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effect of environment conditions on the corrosion kinetics was
analyzed. The structure and composition of the product layer
and protectiveness were assessed by microscopic analysis and
electrochemical measurements. The results from this study
have the potential effect in understanding the corrosion
mechanism and predicting the service life of pipeline steel.
2. Materials and experimental
2.1. Materials
2.1.1. Soil properties of the exposure site
The soil sample used in this work was collected in Jinghong,
Yunnan Province, China. The soil samples were air-dried and
passed through a 20-mesh sieve. Some selected physicochem-
ical properties and the chemical compositions of the soil are
summarized in Tables 1 and 2 respectively. The content of
microbacteria of soil is show in Table 3.
2.1.2. Materials preparation
A sheet of X70 steel was used in this work. Chemical
composition of the X70 steel is listed in Table 4. Fig. 1 shows
the microstructure of X70 steel. Organization of X70 steel ispolygonal ferrite and martensite–austenite secondary phase
(MA). Samples with the dimension of 100 mm 60 mm 5
mm were used for ﬁeld buried tests. Prior to the test, all the
specimens were ground down to 800 grit followed by cleaning
in acetone, and then dried.
Fig. 3. Microscopic morphologies of corrosion products formed on the X70 steels during different times: (a) 1 year, (b) 2 years, (c) 4 years and (d) 8 years.
S. Wang et al. / Progress in Natural Science: Materials International 25 (2015) 242–2502442.2. Experiment
2.2.1. Long-term exposure test
To evaluate the effect of X70 steel of corrosivity of X70
steel in the red soil, long-term exposure test was designed in
for different time periods. Steel samples with the size of
100 mm 60 mm 5 mm were used in the long-term expo-
sure test. The samples were buried in the depth of 1 m under
the ground.2.2.2. Weight loss measurement
Corrosion products of the specimens were chemically
removed by immersion in a speciﬁc solution (500 mL
HClþ500 mL distilled waterþ3.5 g hexamethylene tetramine)
for 10 min at 25 1C [16]. After that, the specimens were rinsed
with distilled water, dried in cold air and then weighed to
obtain their ﬁnal weights(W1). The weight loss was calculated
as follows: C¼ (W0W1△W)/S, where C was the weight
loss of the metal due to corrosion (g/mm2). The average
corrosion rate of X70 steel after exposure for different periods
was calculated by using the equation in Ref. [16,17]:
υ ¼ W0W1ΔW
ρSt
ð1Þ
where υ was the corrosion rate (mm/year), W0 was the original
weight (g), W1 is the ﬁnal weight, ΔW is the weight loss of
blank sample in the speciﬁc solution, S was the surface area(mm2), ρ was the density (ρX70=7.85 g/cm
3), t was the
exposure time (year).
2.2.3. Corrosion products analysis
After the exposure tests, the surfaces of the exposed speci-
mens were cleaned by an air blast to remove soil particles. The
microstructure morphologies of the exposed surface of the
samples were characterized by the Quanta 250 SEM–EDS
system, and the corrosion products were analyzed by energy
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD).
Spot analysis was performed to understand the composition of
different features on the surface. The morphology of corrosion
surface was also obtained after the corrosion products were
removed.
2.2.4. Electrochemical measurements
Jinghong soil was used for electrochemical measurement
system, before testing, soil samples were air-dried and passed
through a 20-mesh sieve. The soil water content used in the
electrochemical measurement was 20 wt% (dry weight basis).
Electrochemical impedance spectroscopy (EIS) and poten-
tiodynamic polarization were used to investigate the electro-
chemical property and corrosion behavior of the steel.
Potentiodynamic polarization and EIS measurements were
conducted by an EG&G Parstat 2273 electrochemical work-
station in a traditional three-electrode system, using a platinum
sheet as counter electrode and a saturated calomel electrode
500μm 500μm
500μm 500μm
Fig. 4. Microscopic morphologies of removing the corrosion products on X70 steels during different times: (a) 1 year, (b) 2 years, (c) 4 years and (d) 8 years.
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epoxy resin with an exposure area of 1.0 cm2 was used as the
working electrode. All potentials were referred to the SCE.
Potentiodynamic polarization curves were measured from
the open circuit potential to the anodic and cathodic side with
the scan rate 0.5 mV/s. Electrochemical impendence spectro-
scopy (EIS) measurements were carried out over a frequency
ranging from 100 kHz to 10 mHz by using a 10 mV amplitude
sinusoidal voltage. The experimental data were analyzed by
the commercial software ZsimpWin. All the measurements
were performed at ambient temperature (2572 1C) and
repeated at least three times to maintain the reproducibility.3. Results
3.1. Corrosion kinetics analysis of X70 steel
The weight loss and average corrosion rate of specimens
buried in Jinghong red soil are shown in Fig. 2. An increasing
trend of weight loss is observed in Fig. 2a. The change of
weight loss can be ﬁtted by equation y¼0.002ex/8.64þ
0.0029, R2¼0.99999, which is an exponential function.In the red soil, the corrosion rate of X70 steel decreases with
time as shown in Fig. 2b, the corrosion rate of X70 steel after
buried for 1-year is 0.053 mm/year, which is smaller than in
Yingtan soil [18,19]. It is also ﬁtted by equation of
y=0.037ex/2.81þ0.026, R2=0.98291.3.2. Corrosion products analysis
3.2.1. Surface morphology
Fig. 3 shows the surface morphologies of the corrosion
products formed on X70 steel. The images describe signiﬁcant
evolution of surface morphologies at various periods. After 1-
year of exposure, the specimen surface was covered by loose
and granular corrosion products (Fig. 3a). Two years later, the
surface products gradually increased, and there was a little of
cracks and voids on the surface (Fig. 3b), and corrosion
products gradually ﬁrmly and densely bonded to the substrate
with time (Fig. 3b and c).
The observation of corrosion morphology in Fig. 4 reveals
the change of corrosion process in Jinghong soil. The forma-
tion of general corrosion with non-uniform at the initial ﬁrst
year, then transformation from non-uniform corrosion to
pitting, the number and the depth of pits increased with time
20μm
b
20μm
c
20μm
a
Fig. 5. Cross-section morphologies and EDS analysis of corrosion products formed on X70 steel after exposure in the soil for (a) 2 years, (b) 4 years and
(c) 8 years.
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spread laterally and the corrosion process mainly dominated by
formation of new pits, the growth of pits along the depth
direction.3.2.2. Cross-sectional analysis
Cross-sectional morphologies of the corrosion product layer
in Fig. 5 demonstrate obvious changes in structure from the
initial exposure stage to the ﬁnal stage. The sample surface
formed a single layer of corrosion products after exposure in
the soil for 2 years, and some cracks spread along to the
matrix, then, the corrosion product layer appeared to be much
more compacted than that with cracks formed previously.Under the corrosion products, the matrix showed a wavy and
undulating surface morphology.
The chemical compositions of the points a, b and c marked
in Fig. 5 are listed in Table 5. The primary elements contained
in the corrosion products are O and Fe, with a trace amount of
C and S. The element Ca comes from the soil. It is reasonable
to speculate that the corrosion products are composed of iron
oxide. Maybe there is are iron sulﬁde and iron carbonate
compounds.3.2.3. XRD analysis
As shown from the XRD patterns for Jinghong soil in Fig. 6,
the dominant clay minerals is quartz, and there is a little of
Table 5
Element content of corrosion products marked in Fig. 4 determined by EDS.
Position point Chemical composition(wt%)
C O S Fe Ca
a 3.24 28.37 1.26 67.13 –
b 6.64 24.49 0.55 67.34 0.97
c 3.28 29.54 1.71 65.48 –
Fig. 6. XRD patterns of the red soil collected from Jinghong.
Fig. 7. XRD patterns of the corrosion products formed on X70 steel after
different exposure times in red soil.
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Fig. 8. Polarization curves of X70 steels after exposure for different times.
S. Wang et al. / Progress in Natural Science: Materials International 25 (2015) 242–250 247goethite. The dominant Fe oxide mineral is goethite which the
color is yellowish brown [18].
Iron oxyhydroxides, goethite (α-FeOOH), akaganeite (β-
FeOOH), magnetite/maghemite and lepidocrocite (γ-FeOOH)
are frequently found as corrosion products formed on carbon
steel [20,21], which the latter also transforming to goethite.
The composition of the corrosion products analyzed using
XRD is shown in Fig. 7. It can be seen that iron oxides and
oxy-hydroxides including α-FeOOH, Fe3O4, Fe2O3 are the
dominate corrosion products after exposure different times.3.3. Electrochemical measurement
3.3.1. Polarization curve
The polarization curves of X70 steels after exposure
different times are shown in Fig. 8. The corrosion potentials
and corrosion current density as well as their Tafel slope
calculated from ﬁtting curves are listed in Table 6. It is obvious
that there were some differences, the corrosion potentials
shifted positively and corrosion current density decreased with
time. Corrosion current density can be used as an evaluation of
corrosion rate, so it can be concluded that the corrosion rates
decrease with time, which are consistent with the result of
Fig. 2. As for the anodic branch, the X70 steel exposed for
different times showed an active dissolution behavior. The
anodic and cathodic branches provided obvious linear Tafel
regions. Tafel slopes of anodic and cathodic also decreased
with time.
3.3.2. Electrochemical impendence spectroscopy
Fig. 9 presents the comparison of EIS plots acquired at OCP
of the X70 steel after different exposure time periods during
the immersion test in the soil with 20 wt% water content. All
the four EIS plots showed the same shapes and features: the
low frequency loop evolve as a straight line, indicating the
appearance of a semi-inﬁnite diffusion process, and a high-
frequency loop is distinct in the frequency region above
104 Hz, which is associated with the high-frequency phase
shift induced by the reference electrode and/or the potentiostat
in the low conductivity of the soil media [18]. The appearance
of high phase shift is was commonly observed in EIS spectra
in soil corrosion systems, as well as in other porous media
systems, e.g., steel in concrete, and steel covered with
aged rusts.
The equivalent electrical circuit in Fig. 10 can be used to
characterize the corrosion system. The ﬁtting results of the
X70 steel after exposure in red soil for different times are
shown in Table 7. The reciprocals of Rct are used to represent
corrosion rate of X70 steel, because the Rct is more intimately
correlated to the corrosion rate than Rp when there state
Fig. 9. EIS Nyquist plots (a) and Bode plots (b) and (c) of the EIS diagram for X70 steel after exposure for different times in the soil with 20 wt% water content.
Table 6
Corrosion potentials (Ecorr) and corrosion current density (icorr) of X70 steels
after exposure for different times.
Specimen Ecorr(mV,SCE) icorr(A/cm
2) βc(mV) βa(mV)
2 years 318.97 2.28 107 91.9 95.5
4 years 173.89 0.93 107 81.1 73
8 years 281.87 0.83 107 79 77.7
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potential [22,23]. Fig. 11 showed the time dependence of 1/Rt
of X70 steel in different times. Apparently the corrosion rate of
X70 steel decreases with time, indicating that the rust layer
could inhibit the corrosion of X70 steel, it is consistent with
the result of Fig. 2b.
The Rf of the X70 steel in the red soil is shown in Fig. 12. It
can be clearly observed that the value of Rf value increased
with exposure time, indicating that new corrosion products
generated and absorbed on the sample surface, the protective
effect of rust layer on X70 steel was gradually enhanced.4. Discussions
Metallic corrosion in soil is an electrochemical process. The
surface of the corroding steel acting as a mixed electrode
possesses both anodes and cathodes electrically connected
through the body of the steel itself, upon which coupled anodic
and cathodic reactions takes place. A cathodic depolarizer
(oxidizing agent) is necessary for corrosion to occur, which
consume electrons released from corroding steel.
When steel was exposed to soil, its surface reacts to form an
oxide of a few nanometers thick, which consists of Fe2O3, Fe(OH)2, Fe(OH)3 [24,25]. In Jinghong soil, the cathodic reactions of
X70 steels in red soil can be reasonably written as follows:
O2þ2H2Oþ4e-4OH ð2Þ
Anodic reaction is:
Fe-Fe2þ þ2e ð3Þ
Fe2þ will combine with OH to form barrier layer of Fe
(OH)2 and Fe(OH)2 will react with oxygen to form Fe(OH)3
according to:
Feþ1=2O2þH2O-Fe2þ þ2OH-FeðOHÞ2 ð4Þ
2FeðOHÞ2þ1=2O2þH2O-2FeðOHÞ3 ð5Þ
2.0x10-5
4.0x10-5
6.0x10-5
8.0x10-5
1.0x10-4
1/
R
ct
(Ω
-1
cm
-2
)
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anions and cations. As a result the corrosion will be reduced.
Meanwhile, due to the alternating of the wet and dry in the soil
environment, Fe(OH)3 will dehydrate as follows
FeðOHÞ3-FeOOHþH2O ð6Þ
Through the results of XRD testing (Fig. 6), α-FeOOH is
found and it is a key composition of corrosion products.
Many works [26–28] mentioned that Fe3O4 is more likely to
form when oxygen supply is limited so the environment
becomes more reducing. When samples were buried in soil,
the amount of dissolved oxygen decreased gradually. Thus, the
cathodic reaction of carbon steel can be written as follow
4FeOOHþFe2þ þ2e-3Fe3O4þ4H2O ð7Þ
Fe2þ and electrons generated by anodic reaction Eq. (3) can
transfer through the Fe3O4 layer and go on reducing FeOOH to
Fe3O4. And the whole reaction can be expressed as follows:
8FeOOHþFe-3Fe3O4þ4H2O ð8Þ
When steel is exposed in the dry soil environment, the
FeOOH would transform to Fe2O3 in the way as a dehydration
reaction
2FeOOH-Fe2O3þH2O ð9Þ
When steels were buried in the soil, the formation of product
layer on the surface of steel suppressed anodic and cathodic
processes simultaneously (Fig. 7), indicating a barrier effect of
the corrosion products. After being buried in the soil for
different periods of times, the thickness of rust layer gradually
increased, and steels were completely covered by corrosion
products, as shown in (Fig. 3). The corrosion products
hindered the mass transfer process of the oxygen. As a
consequence, the amount of reactants for cathodic the cathode
reduced and the cathodic current density decreased. On the
other hand, the corrosion products also slow down the anodic
reaction by physically blocking the active sites on the metal
surface [29]. High corrosion products layer resistance can
block both the anodic and cathodic reactions. Therefore,
corrosion current density decreases with time.
Because of the formation of product layer, the corrosion
reaction process involves two state variable: electrode potential
E and the surface state of steels. In this situation, the EISFig. 10. The equivalent electrical circuit model for EIS of X70 steel exposed in
the red soil.
Table 7
Values of electrochemical parameter in the different exposure times in soil.
Time Zw/Ω cm2 Rf/Ω cm2 n1 Y
2 years 3.55 104 2.63 104 0.39 2
4 years 1.54 104 6.79 104 0.33 4
8 years 2.56 104 5.42 104 0.38 1spectra can be ﬁtted with Model in Fig. 9, a remarkable
increase in Rct, it can be explained by the formation of some
corrosion products on the surface of steel which hindered the
charge transfer process and suppressed the electrochemical
dissolution. The increase of corrosion products indicates that
the layer becomes more compact with increasing exposure
time for all specimens [30] (Fig. 3).
The calculated parameters in Table 7 shows that the value of
fractional exponent, n1 is large different to 1, proving that
CPE1 possess physical unmeaning of capacitance of corrosion
products layer and it is directly proportional to dielectric
constant of layer and inversely proportional to its thickness
[31–33]. It is deﬁned as
CPE¼ ε0ε
d
S ð10Þ
The Y0 value of CPE1 decreases with time. This result suggests
that the X70 steels with some protective properties is formed.5. Conclusions(1)0,1/S
.15
.53
.68
FIn the Jinghong red soil, the corrosion rate of X70 steel
decreases with exposure time, and follows the expone-
ntial decay law by which the equation is y¼0.037ex/
2.81þ0.026.(2) General corrosion with non-uniform and localized pitting
occurrs on the X70 steel surface.(3) α-FeOOH is the dominate products during corrosion in
whole buried periods, and the corrosion products exhibit
well protective properties. The potentiodynamic polariza-sn cm2 Rct/Ω cm2 n2 Y0,2/S sn cm2
1010 1.18 104 0.88 4.16 106
1010 3.44 104 0.84 7.18 106
1010 1.78 105 0.89 5.72 106
0 2 4 6 8
0.0
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ig. 11. The change of 1/Rt on X70 steel in different times in red soil.
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Fig. 12. The change of Rf on X70 steel in different times in red soil.
S. Wang et al. / Progress in Natural Science: Materials International 25 (2015) 242–250250tion tests reveal that icorr decreases with exposure time,
indicating the decrease of corrosion rate. The results of EIS
reveal that Rct increases with time, indicating the improve-
ment of corrosion resistance.Acknowledgments
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